Summary: 31p exchange rates through the creatine ki nase-catalyzed interconversion of phosphocreatine and 'Y-ATP were measured in a total of 27 miniature swine ranging in age from 5 days preterm to 5 weeks old. A steep increase in the forward rate constant for 31p ex change from phosphocreatine (PCr) to 'Y-ATP was ob served between 2 days preterm and 3 days postterm, with a more gradual increase for older ages. In contrast, the [PCr]/[NTP] ratio measured by in vivo 31p nuclear mag netic resonance (NMR) remained constant throughout this age interval and close to unity. Forward and reverse rate constants and the rate of flux for 31 P exchange were equal to each other for both preterm and 5-week-old an imals, suggesting that the creatine kinase reaction is near equilibrium for this span of age. Multifrequency steady state saturation of Pi and PCr compared to single frequency saturation of PCr produced the same extent of saturation transfer to 'Y-ATP, and the saturation of Pi
The use of 31p magnetization transfer to measure creatine kinase (CKase)-catalyzed apparent rate constants and flux for unidirectional 31 P exchange in the forward (i.e., kforward; PCr � 'Y-ATP) and reverse (i.e., kr e v e r se ; 'Y-ATP � PCr) directions has been demonstrated for a variety of tissues, includ ing brain (Alger and Shulman, 1984; Erecinska and alone had no effect on the 'Y-ATP 31p NMR signal. These results suggest that even for immature swine brain, cre atine kinase activity should be adequate to buffer against changes in [ATP] when there is a mismatch between en ergy supply and energy demand, during conditions such as ischemia or hypoxia. The results from the present study indicate the unlikelihood that previously reported discrepancies between forward and reverse 3 2 p flux rates in rat brain ' (Shoubridge et aI., FEBS Lett 140:288-292, 1982) were due to neglect of 'Y-ATP to Pi exchange. If the contribution of nonadenosine triphosphate to the in vivo rat brain 31 P NMR signal is accounted for in the calcula tion of reverse flux and a literature value for rat brain [PCr] is used in the calculation of forward flux, then for ward and reverse flux rates are equal. Key Words: Cre atine kinase-Neonatal brain energy metabolism Nuclear magnetic resonance spectroscopy_31P magneti zation transfer.
Silver, 1989). In adult rat brain, a difference be tween the forward and the reverse flux rate was reported (Shoubridge et al., 1982) . There is great interest in this result, since it may imply compart mentation of ATP in a pool not containing CKase (Bessman and Geiger, 1981) , and since the calcula tion of cytosolic phosphorylation potential and in tracellular [ADP] fr ee is based on the assumption that the CKase reaction is near equilibrium (Veech et al., 1979) . Although several subsequent studies have dis puted Shoubridge and co-workers' result, there is little concurrence on the reason for disagreement. The measurement of kr eve r se by Shoubridge et al. was criticized for using a "conventional" steady state saturation transfer (SSST) method, in which frequency-selective saturation was applied solely at the PCr resonance. This ignores the possibility of 'Y-ATP� Pi exchange and, therefore, could result in an underestimation of krever se (Degani et aI., 1987) . Circumstantial evidence supporting this possibility was provided by observations that there was no dif ference between forward and reverse flux rates measured by inversion transfer, for adult rabbit (Degani et aI., 1987) and monkey (Mora et aI., 1992) brain. However, Holtzman et a1. (1991) also used a single-frequency SSST method but found no differ ence in forward and reverse flux rates for 15-to 17-and 40-to 6O-day-old mouse brain. Holtzman et a1. explained the discrepancy with the results of Shoubridge et a1. by pointing out that their calcula tion of flux failed to account for the fact that not all of the brain NTP 31p NMR signal is derived from ATP. It has also been suggested that extracerebral contamination of the 31p NMR signal from muscle, or the use of convolution difference spectroscopy for the processing of data, may have led Shoubridge et a1. to overestimate the concentration of PCr in rat brain, resulting in an overestimation of the forward flux rate (Degani et aI., 1987) .
The rapid 31 P exchange between PCr and A TP could play an important role in maintaining constant ATP concentrations during periods when excessive energy demands are placed on the brain, such as during epileptic seizures, or when there is a defi ciency in the normal energy supply, such as during hypoxia or ischemia. Low brain CKase activity, such as that found in immature brain, could limit 31p exchange, such that PCr no longer buffers against decreases in ATP during these critical periods. To our knowledge, kforward, kreverse, and the corre sponding flux rates have not been measured in vivo in the brain of newborns. An earlier attempt to mea sure kr eve r se in 2-to 12-day-old mice was unsuccess ful, presumably due to the unfavorably low 31p NMR signal-to-noise ratios (SIN) obtained from the small brains for neonates of this species (Holtzman et aI., 1991) . Since CKase activity in newborns is three-to sixfold lower than adult values (Erecinska and Silver, 1989) , we hypothesized that if rates of 31p flux through )'-ATP � Pi and )'-ATP � PCr are closer in magnitude for immature than for mature brain, then measurements of reverse flux using the conventional SSST method may be more error prone in the former compared to the latter. In the present study, we applied a multifrequency SSST method (Ugurbil, 1985; Ugurbil et aI., 1986) to com pare forward and reverse fluxes of swine brain CKase. The relatively large brain size of swine at birth (i.e., superficial cortex, �10-15 g) facilitated the rapid recording of 31p NMR spectra with suffi cient SIN to allow the measurement of both forward and reverse rates within a single animal. Three spe cific questions were addressed in this study:
(1) What is the pattern of increase in the forward rate constant for CKase-catalyzed 31p ex change from 5 days premature to 5 weeks old? (2) Are forward and reverse rates for CKase catalyzed 31p flux equal to each other within this age span? (3) Does the reverse rate constant for 31p ex change differ when measurements made using the conventional single-frequency SSST method are compared to measurements made using a multifrequency SSST method?
MATERIALS AND METHODS

Surgical preparation and experimental protocol
The surgical procedures and experimental protocol were approved by the U . T. Southwestern Medical Center Institutional Review Board for Animal Research and were in accordance with the NIH Guide fo r the Care and Use of Laboratory Animals. Birth was induced after 108 to 114 days of gestation as described previously (Corbett et al., 1992) . A total of 27 miniswine was studied at post conceptual ages ranging from 109 to 153 days; normal term gestation for this species equals 115 days (all ages are expressed as days postconception, unless noted oth erwise). All piglets were kept with their sow until the day of the study. Surgery was preceded by anesthesia with ketamine (15-20 mg/kg i.m.) and infiltration of surgical sites with 1 % xylocaine for local anesthesia. The piglets were tracheotomized and ventilated with 70:30 N20:02 (Harvard small animal respirator). Intravascular cathe ters were placed in the common carotid artery and the right atrium via an external jugular vein. D-Tubocurarine Cl (0.30 mg/kg) and nalbuphine (0.15 mg/kg) were admin istered intravenously for muscle relaxation and analgesia, respectively. Scalp overlying the skull was retracted so that the nuclear magnetic resonance (NMR) radiofre quency (RF) coil rested directly on the skull. For animals 3 weeks and older, the thickness of the skull was filed down to 1-2 mm, so as to match the thickness of younger animals. After surgery, piglets were wrapped in a blanket warmed with circulating water, whose temperature was adjusted to maintained rectal temperature at 38°C, and then placed inside the magnet. During a I-h stabilization period, arterial pH, Pco2, and po2 were adjusted to the normal ranges 7.35 ± 0.10, 40 ± 5 mm Hg, and 130 ± 40 mm Hg, respectively, by manipulating the ventilator rate and fraction of O2 in the inspired gases.
The experimental protocol consisted of measuring each animal's systemic physiologic status (i.e., arterial blood O2, CO2 tension and pH, heart rate, mean arterial blood pressure, and blood plasma glucose and lactate concen tration), recording a control31p NMR spectrum, perform ing the SSST experiments for 20-40 min, and obtaining a second set of measurements of physiologic status. For nine animals spanning the entire age range studied, brain temperature was measured directly using an optical fiber probe inserted I cm into the cerebral cortex (Luxtron, Mountain View, CA, U.S.A.). Forward rates of 31p ex change were determined for all 27 animals, while both forward and reverse rates were determined for 13 animals in the two youngest (n = 6) and two oldest (n = 7) sub-groups. At the completion of the experiment, animals were recruited into subsequent studies to examine the effect of lidocaine, fructose diphosphate, hypoxia, or deep hypothermia on cerebral agonal glycolytic rates and brain energy utilization (Corbett et aI., unpublished re sults).
NMR datum collection and processing NMR data were obtained at 4.7 T using the same spec troscopy system and three-turn 5 x 3-cm surface coil as described previously (Corbett et aI., 1992) . Both control 31p NMR spectra and SSST data were obtained following an apparent 90° excitation pulse length (50 J-Ls) by record ing the free induction decay (FID) for 256 ms using a sweep width of 5,000 Hz and 2,048 data points per FID. For control spectra (sum of 12 or 16 FIDs), the delay time between excitation pulses was 25 s. Previous experiments have shown that this is sufficient time to allow near complete spin-lattice relaxation to occur, and therefore the relative peak areas in these spectra are proportional to the relative concentrations of the chemical species in volved (Corbett and Laptook, 1993) . For the collection of SSST data to calculate the rate constant for phosphate flux through PCr and A TP, it is necessary to measure the 31p NMR signal in the absence and presence of fre quency-selective saturation (i.e., � and Mapp, respec tively) and to measure the apparent relaxation time con stant in the presence of frequency-selective saturation (TI app) . The TI app of PCr was measured in the presence of frequency-selective saturation at the 'I-ATP resonance frequency, and the TI app for 'I-A TP was measured in the presence of saturation of both PCr and Pi' TI app was de termined using the burst saturation recovery method (Evelhoch and Ackerman, 1983; Corbett and Laptook, 1993) , by summation of 12 or 24 FIDS acquired at several intervals following a non-frequency-selective burst saturation pulse (30 x 300-J-Ls pulses, each separated by 100 J-Ls) and a 5-ms homospoil pulse (0.25 G/cm along the x gradient), to suppress echo formation. The data for each TI app determination consisted of peak amplitudes mea sured for seven magnetization recovery delay times (T) , ranging from 0.27 to 5 s for 'I-NTP and from 0.45 to 15 s for PCr, respectively. Tlapp was determined by iterative nonlinear least-squares fitting of a two-parameter single exponential equation to the experimental data. Mapp was also obtained from this fit, while � was estimated from individual spectra acquired using the same SSST pulse sequence, with the relaxation delay equal to 5 x Tlo [i.e., 5 and 20 s for 'I-APT and PCr, respectively (Corbett and Laptook et aI., 1993) ].
Frequency-selective saturation was performed using a train of low-power sinc pulses (duration of each sinc pulse, Tsinc = 30 ms) during the recovery delay time and during a 5-s pre-burst-saturation preparation pe riod. The frequency offset (Fsinc) of the saturating pulse train was selected by linearly ramping the phase of individual pulses from 0 to Pm a x' where Pm a x equals (360, Tsinc . Fsinc (see Deese and Early, 1991) . Prelimi nary experiments showed that a train of phased-ramped sinc pulses applied through the primary RF transmitter of the spectrometer provides better frequency selectivity and less non-frequency-specific signal saturation com pared to the long low-power continuous pulse applied through a second RF transmitter normally intended for use in proton decoupling experiments. The use of phased-
ramped pulses for frequency-selective saturation also made it straightforward to saturate at more than one fre quency by changing the extent of phase ramping in con secutively applied sinc pulses. Thus, to measure kforw a rd' during the determination of Mapp and TI app, two sinc pulses were centered on the resonance frequency of 'I-ATP at -2.3 ppm, and a third pulse was placed +25 ppm from the resonance frequency of PCr (0 ppm). The third pulse served to suppress the 31p MR signal from bone and phospholipid (Ackerman et ai., 1984) . For Tlapp determinations, the number of cycles of the three consec utive sinc pulses applied within each pulse sequence rep etition depended on the length of the desired recovery delay time (i.e., for delays of 0.27 and 15 s, the number of repetitions equaled 3 and 166, respectively). The magne tization of PCr in the absence of SSST (i.e., Mpcro) was assessed by shifting the first two sinc pulses downfield from the PCr resonance to 2.3 ppm and allowing a 20-s delay for magnetization recovery. This procedure ac counts for any potential off-resonance saturation effects not mediated by chemical exchange. For the experiment to measure kreverse, one sinc pulse was placed at + 25 ppm, a second was centered on the Pi resonance at 4.9 ppm, and a third was centered on the PCr resonance at 0. 0 ppm. The Pi resonance was saturated in the latter experiment to eliminate the possibility of overestimating Tlapp and Mapp for 'I-ATP due to neglect of 'Y-ATP � Pi exchange (Ugurbil, 1985) . To measure the magnetization of '1-NTP in the absence of ..sSST from 'Y-NTP to PCr, the third pulse wa.s shifted upfield with respect to the 'I-NTP resonance frequency to -4.6 ppm, and a 5-s delay time was allowed for magnetization recovery. To provide a reference spectrum for the determination of the constant (J (see calculations), a third spectrum was collected under the same conditions except that neither Pi nor PCr was saturated (i.e., two sinc pulses applied at -4.6 and -9.5 ppm, respectively). Finally, a fourth spectrum was col lected in which PCr alone was saturated (i.e., two sinc pulses at 0.0 ppm and one at 25 ppm), to examine the potential error associated with performing a conventional single-frequency SSST experiment to measure kreverse .
All FIDs were processed by left-shift removal of the first three datum points followed by right shifting to re establish phase integrity of the spectrum, exponential apodization (20-Hz line broadening), Fourier transforma tion, zero-order phase correction, and baseline straight ening via a spline interpolation routine supplied with the NMR spectrometer software. The chemical shift scale was calibrated with respect to the PCr resonance fre quency in the control spectrum (0.0 ppm). For control spectra, peak positions, linewidths, and areas were deter mined via nonlinear-iterative curve fitting assuming a Lorentzian peak shape, as described previously (Corbett, 1993) , with the exception that only one peak was used to fit the phosphomonoester 31p resonance. However, peak heights were used to quantify changes in magnetization in the presence and absence of SSST and for Tlapp determi nations in the presence of SSST. We consider a height analysis to be a more robust measure of changes in mag netization than areas obtained from curve fitting, since the latter tends systematically to overestimate magneti zation when the SIN is low, such as for spectra collected with short relaxation recovery delay times for TI deter minations (Corbett and Laptook, 1993) . A curve-fit anal ysis of spectra acquired during the SSST experiment ob tained with recovery delay times long enough for SIN �5: 1 revealed no change in the linewidths of the 31p NMR resonance peaks for PCr and 'Y-NTP, suggesting that rel ative changes in peak heights accurately reflect relative changes in magnetization.
Calculation of the rate constant for 3 1p exchange and 3 1p flux
The theoretical basis of magnetization transfer mea surements using "conventional" single-frequency and more complex multifrequency SSST methods has been presented in detail elsewhere (Alger and Shulman, 1984; Ugurbil, 1985) . The application of the conventional SSST method to measure the forward rate of CKase-catalyzed 31p exchange assumes the following first-order exchange model:
In the absence of magnetization exchange between PCr and 'Y-ATP, the Bloch equation describes the rate of re turn of magnetization of PCr (M PCr) following non frequency-selective irradiation:
where TI ° is the relaxation time constant for PCr. How ever, if the TI for PCr is on a time scale similar to the lifetime that a 31p nuclei remains in that site, then a dis turbance in magnetization produced by selective irradia tion of 'Y-ATP would result in a decrease in the 31 P NMR signal intensity of PCr. Under these conditions the Bloch equation must be modified to account for the additional loss of magnetization through conversion of PCr to 'Y-ATP and gain of magnetization from conversion of 'Y-ATP to PCr:
where kforw a rd and k reverse are unidirectional first-order psuedo-rate constants for 31p interconversion, and TI app equals the apparent relaxation time constant for PCr in the presence of magnetization exchange. If a steady-state exists between PCr and 'Y-ATP (i.e., PCr and 'Y-ATP are near-equilibrium) and the magnetization of species 'Y-ATP is saturated through frequency-selective irradiation (i.e., M-y_ATP = 0), then Eq. 3 can be simplified and rearranged to express kforw a rd in terms of experimentally measured variables:
The measurement of the reverse rate of CKase catalyzed 31p exchange is complicated by the fact that, in addition to CKase, ATP is utilized by a number of ATPases and other enzymes. To account for 31p ex change from 'Y-ATP to Pi' the model must be expanded to include this additional route for the loss of magnetization during SSST:
where k a and k _ a equal the apparent forward and reverse rate constants for 31p exchange between 'Y-ATP and Pi ' U gurbil (1985) has shown that the complexity introduced by the presence of additional exchange can be eliminated by continuously saturating Pi during the SSST experi ment. Under these conditions k reverse is given by where the supercript asterisk refers to the continuous sat uration of the 31p resonance of Pi while measuring the magnetization (M-y_ATpapp*) and TI (T 1 app*) of 'Y-ATP in the presence of saturation applied to PCr, and while mea suring the magnetization of 'Y-NTP with saturation absent on PCr but maintained on Pi (M-y_ATpo*) . The constant (J is defined as (Ugurbil et aI., 1986) (7)
The calculation of kreverse is further complicated by the fact that the brain 31 P NMR signal from 'Y-NTP contains significant contributions from nonadenosine triphosphate (XTP), as demonstrated by the observation that UTP, GTP, and CTP make up �23% of the total nucleoside triphosphate content in adult rat brain (Chapman et aI., 1981) . Therefore, it is necessary to apply a correction factor to the experimentally measured M-y_NTpapp*IM-y_ NTp O* ratio, since the reduction in the 'Y-NTP 31p NMR signal when PCr is saturated must be due solely to re duced magnetization of ATP. Thus, the former ratio is equal to . Previous studies from this lab oratory have determined that RAT P /NT P equals 0. 90 and 0.81 for newborn and I-month-old swine brain, respec tively (Corbett et aI., 1993) . Upon making these substitu tions and canceling the common term [NTP] in the nu merator and denominator, Eq. 8 can be rearranged to solve for M-y_ATpo*IM-y_ATpO*:
An analogous correction was applied to the experimen tally measured M-y_NTpoIM-y_NTpO* ratio, to provide a M-y_ ATp oIM-y_ATpO* ratio for the calculation of (J using Eq. 7. This correction may be only approximate, since one can not exclude the possibility that reductions in the 'Y-NTP 31p NMR signal when Pi is saturated could involve mag netization transfer to nonadenosine triphosphates, in ad dition to A TP.
The 31p flux rates in the forward (FlUXforward) and re verse (Fluxreverse) directions are given by the products ([PCr] . kforw a rd) and ( [ATP] . k reverse), respectively.
[PCr] was estimated by mUltiplying the PCr/NTP peak area ratio by the measured [NTP] . The concentration of NTP in swine brain determined from the enzymatic anal ysis of funnel frozen tissue equals 2.42 and 2.12 ILmol g -I for newborns and 1 month olds, respectively (Corbett et ai., 1993) .
All values presented in this study are means ± SD.
RESULTS
The physiologic status of all animals was main tained at control conditions throughout the collec tion of NMR data. This was confirmed by dividing the animals into subgroups of 109-117, 120--128, and 139-153 postconception days old and comparing ar terial blood gases and pH, heart rate, mean arterial blood pressure, and blood plasma glucose and lac tate concentration, measured before and after the NMR measurements. Paired t tests revealed no sig nificant differences (p > 0.05). The mean values of the physiologic parameters were similar to those of previously studied animals for these age ranges (Corbett et aI., 1993) . The cortical brain tempera ture measured for nine animals at two intervals be fore and after the NMR measurements (38.3 ± 0.3°C) did not change.
The SIN and resolution Of31p NMR peaks in con trol spectra were similar to those shown previously (Corbett et aI., 1993) . We estimate that these spec tra contain virtually no signal contamination from extracerebral sources because the 31 P NMR reso nances corresponding to PCr and NTP dropped to zero within 1-10 min when swine in this age range were made ischemic via cardiac arrest (Corbett et aI., 1993) . If there were discernible signal contribu tions from scalp or muscle, then the 31p NMR signal A ppm ppm from PCr and NTP would continue for much longer periods, since rates of energy depletion in the latter are an order of magnitUde slower than in brain (Petroff et aI., 1985) . When the control data for all 27 animals were considered, peak area ratios for PCr (1.01 ± 0.23), Pi (0.62 ± 0.32), and phospho diesterase (0.58 ± 0.14), calculated relative to the mean area of 'Y-NTP and 13-NTP, showed no signif icant linear correlation with age (r < 0.2). However, the phosphomonester to NTP ratio (PME/NTP) de creased from 1.98 ± 0.2 to 1.20 ± 0.14 for 111 ± 2 (n = 3)-and 152 ± 0.4 (n = 4)-day-old animals, respectively, and this ratio showed a significant lin ear correlation with age (slope = -0.012 ± 0.003 ratio unit/day; r = 0.63, p < 0.001). This is consis tent with previous reports of decreases in PMEI NTP during development for several other mamma lian species (Corbett, 1990) . Nevertheless, swine appear to differ from rodents and other species in that the PCr/NTP ratio does not increase with ad vancing age.
There was a large decrease in the 31 P NMR signal intensity from PCr when 'Y-NTP was saturated (Fig.  lA, lower spectrum) , ranging from 51 ± 3% for pre term (i.e., ,112 ± 2 days; n = 6) to 35 ± 6% for 5 week olds (i.e., 150 ± 3 days; n = 7), relative to the intensity of PCr when saturation was shifted off res onance (Fig. lA, upper spectrum) . There was a smaller, but still significant, reduction in the signal intensity from 'Y-NTP when PCr and Pi were satu rated, ranging from 90 ± 7 to 83 ± 5% for preterm and 5 week olds, respectively (Fig. IB) . However, the saturation of Pi alone had a neglible effect on the intensity of 'Y-NTP (data not show), as reflected by (J' values of 1.05 ± 0.08 and 1.01 ± 0.15 for pre term swine and 5 week olds, respectively. This indicates that the rate of exchange for -y-NTP � Pi was neg lible compared to that for -y-NTP � PCr for animals in this age range. This is further supported by the observation that there was no significant difference in the reduction in the signal intensity of -y-NTP when PCr alone was saturated, compared to the above experiment where both PCr and Pi were sat urated (paired t test, p > 0.25). T1app values were determined by fitting a two-parameter exponential equation to plots of 31 P NMR signal magnetization (expressed as arbitrary units of peak height) versus the relaxation recovery delay time (Fig. lC) . A three-parameter exponential equation (Evelhoch and Ackerman, 1983) to the suggestion of Holtzman et al. (1991) , in creases in kforward appear to be unrelated to changes in the cerebral PCr/NTP ratio, which was constant throughout the age range studied. A Duncan multi ple-comparison test (p < 0.05) revealed a significant difference between the mean kforward measured at 112 days (i.e., kforward = 0.15 ± 0.03 S-I ; combined mean and SD for the two youngest groups Fig. 2 ) and that at 118 days (0.24 ± 0.04; third and fourth youngest groups combined) or that at 5 weeks (0.28 ± 0.07 s -I ; two oldest groups combined). The kr e v e r se for preterm swine (0.13 ± 0.07 s -I ) was sig nificantly lower than the kreverse (0.29 ± 0.10 s -I ) for 5 week olds (unpaired t test, p = 0.006). A com parison of kforward versus krever se within either of these age groups revealed no significant difference (paired t test, p ;;,: 0.5). Similarly, forward and re verse 31p flux rates were not significantly different from each other for either preterm (0.39 ± 0.09 and 0.28 ± 0.15 jJ.. mol g -1 S -I , respectively) or 5-week old (0.64 ± 0.28 and 0.50 ± 0.17 jJ.. mol g-I s -I , respectively) swine.
DISCUSSION
The results from the present study led us to ques tion the suggestion of Degani et al. (1987) that the difference between forward and reverse flux rates observed by Shoubridge et al. (1982) was due to neglect of 'Y-ATP � Pi exchange in the determina tion of krev e rse. As illustrated below, we believe that two alternative sources of error are sufficient to ac count for the reported discrepancy in forward and reverse flux rates: (a) overestimation of rat brain [PCr] due to an error in the PCr/NTP ratio mea sured from 31p NMR data and (b) neglect of the contribution of nonadenosine triphosphates to the -y-NTP 31p NMR signal. Even when extraordinary measures are taken to avoid extracerebral 31p NMR signals in studies of rat brain using surface coils, contamination of the order of � 10% is still possible (Sauter and Rudin 1987; Roucher et aI., 1991) . If we assume that Shoubridge et al. had the same degree of extracerebral signal contamination and that [PCr] and [ATP] in rat skeletal muscle equal 27 and 8 jJ.. mol g -I , respectively (Veech 1980) , then rat brain PCr/NTP ratios determined from 31p NMR data would be overestimated by �33%. Therefore in our recalculation of 31p flux rates for rat brain, we have assumed that [PCr] and [ATP] equal 4.2 and 2.6 jJ.. mol g -I, respectively. These values equal the mean of concentrations reported from three studies in which special precautions were taken to avoid the agonal hydrolysis of PCr and ATP during brain fixation and homogenization (Ponten et aI., 1973; Miller and Shamban, 1977; Veech, 1980) . We also assumed that the ratio of adenosine-to-nonadeno sine triphosphates in rat brain equals 0.77, based on reported concentrations of 2.83, 0.54, 0.25, and 0.07 J-Lmol g-I for ATP, GTP, UTP, and CTP, respec tively (Chapman et ai., 1981, Tables 2 and 3 ). Using Eq. 9, aRATP/NTP ratio of 0.77, and Shoubridge and co-workers' reported M-y_NTp a pp/M-y_NTpo ratio of 0.761 gives a calculated M-y_ATp a pp/M-y_ATpo ratio equal to 0.69. This results in a kr eve r se equal to 0.30 s -1 and reverse flux equal to 0.78 J-Lmol g -1 S -I . If kforward equals 0.26 s -1 (Shoubridge et ai., 1982) and [PCr] equals 4.2 J-Lmol g-I , then the forward flux rate equals 1.09 J-Lmol g-I s -I . The recalculated forward and reverse flux rates are substantially closer to each other than the values originally re ported by Shoubridge et ai. (1982, Table 2 ): 1.64 and 0.68 J-Lmol g-I s -I , respectively. If we assume stan dard deviations of ±30%, similar to that obtained in the present study, it is apparent that forward and reverse 31p flux rates in adult rat brain are essen tially equal, even when measured using the conven tional single-frequency SSST method, as done by Shoubridge et al. A sharp increase in kforward has also been reported for mouse brain but occurs between 12 and 15 days after birth (Holtzman et ai., 1991) . The time when the maximal rate of increase in kforward occurs ap pears to coincide with the intervals of maximal brain growth and development in these two species: perinatally for swine and postnatally for rodents (Davison and Dobbings, 1968) . It is possible that the sharp increase in kforward signifies a point where the fraction of energy expended on cell growth and de velopment has reached a maximum. This could have significant implications for defining the period of peak brain vulnerability secondary to a disrup tion of energy supply. For example, hypoxia or ischemia occurring during the critical interval im mediately before the increase in kforward may have a detrimental effect on retarding the rate or extent of subsequent brain maturation and normal function (Dobbings, 1968) . However, the equality of forward and reverse flux rates suggests that the brain CKase reaction in prematurely born swine is already near equilibrium. This result does not support the notion that CKase activity in immature brain is too low to buffer the decline in ATP when there is a mismatch in cerebral energy supply and demand (Norwood et ai., 1983; Erecinska and Silver, 1989) . Additional support against the idea that CKase activity in im mature brain is insufficient to buffer against de clines in ATP is provided by recent studies showing that cerebral PCr decreased prior to any decrease in NTP when complete ischemia via cardiac arrest J Cereb Blood Flow Metab, Vol. 14, No.6, 1994 was induced in newborn swine (Corbett et aI., 1993) . Studies examining age-related changes in the degree of brain damage following a hypoxic ischemic insult are required to address this impor tant issue further.
